Introduction
Water and low-molecular-weight alcohols show characteristic properties due to the formation of hydrogen-bonding networks in solution. For example, methanol, ethanol, and propanol are completely miscible with water, and it is impossible to completely remove trace amounts of water from these alcohols. The addition of alcohol to water decreases both its freezing and boiling points, and increases its vapor pressure and surface tension. 1 Recently, the structure of water-alcohol solutions over the whole composition region has been extensively studied by X-ray diffraction, 2 NMR, 3 mass spectrometry, 4,5 dielectric measurements, 6, 7 and thermodynamic calculations. 8, 9 These studies focused on the change in the structure of the cluster formed by water and alcohol molecules as the composition of the solution varied. We reported observations that suggested such structural changes using a high-frequency dielectric technique. 10, 11 We focused on the eutectic of water and a lowmolecular-weight alcohol or polar solvent, and investigated the relationship between the change in the solution structure and the melting behavior of the eutectic in aqueous solutions of ethanol, propanol or DMSO. As a result, the melting temperature and melting enthalpy of the eutectic for 0.05-alcohol molar-fraction solutions were almost constant, regardless of the ultrasonic treatment, while the melting enthalpy of 0.10-alcohol molarfraction solutions fell to 81% (ethanol) and 46% (1-propanol) of the pretreatment value. 12 These results agree with the data from 17 O NMR of water and the absorption peak at 1150 nm at the near-infrared spectrum for free water, suggesting that the water-polar solvent interaction can be investigated by examining the melting behavior of a eutectic of a polar solvent and water using sensitive DSC. 12 These solutions show two endothermic peaks in the DSC heating trace: one due to the melting of ice, and the other due to melting of the eutectic. On the other hand, aqueous solutions of 2-propanol show an additional melting peak in addition to those for ice and the eutectic. In this study, we focused on a 2-propanol-water system at low temperature. The low-temperature X-ray powder diffractometric (XRD) technique is a powerful tool for understanding the solid state of frozen aqueous solutions. 13, 14 One of the present authors (A. K.) and his colleagues have recently reported that the simultaneous XRD-DSC technique is a powerful tool for the examining pharmaceutical hydrates. 15 We thus thought that a simultaneous XRD-DSC technique could be effective for investigating the water-2-propanol system.
Experimental

Reagents
Dehydrated 2-propanol was purchased from Wako Pure Chemical Industries, LTD, and used without further purification. The purity of this reagent was at least 99.5%. Water was purified with a Millipore Milli-Q SP system.
Apparatus
Measurements were made with an SII DSC Exstar 6000 DSC100 (Seiko Instruments Inc.), a JNM EX400 NMR (JEOL Ltd.), and an XRD-DSC II (RINT ULTIMA+ XRD) (Rigaku Corporation).
Measurements
DSC measurements were made on aqueous alcohol solutions. A silver metal container (6 mm diam. × 4 mm) containing the A simultaneous low-temperature X-ray powder-diffractometric (XRD)-DSC technique was applied to the solid state and melting process of frozen aqueous solutions of 2-propanol. 1 H NMR spectra were also obtained at low temperatures. The chemical shifts of the CH3 proton and the CH proton can be classified into four temperature regions: higher than -20˚C, around -20˚C, -50 to -20˚C, and lower than -50˚C. In the XRD data, five small diffraction peaks for 2θ at 21.0˚, 25.2˚, 27.8˚, 31.1˚ and 32.1˚ can be attributed to the peritectic, while five diffraction peaks at 22.5˚, 24˚, 25.6˚, 33.4˚ and 39.8c an be attributed to ice; these peaks are due to the hexagonal form of ice, which disappears upon melting. However, the diffraction peak at 33.4˚ showed a different pattern than the other peaks due to hexagonal ice. These results indicate that the temperature dependence of the diffraction peak at 33.4˚ for 2θ is related to the formation of hydrogen bonds between 2-propanol and water. The simultaneous XRD-DSC technique was effective for investigating this water-alcohol mixture at low temperatures.
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solution was sealed and weighed. The sample was first cooled to -140˚C at 4˚C/min and then heated at 4˚C/min. Sapphire was used as a reference.
1 H NMR measurements were made at 399.65 MHz. Spectra were obtained with the probe spinning. TSP (3-(trimethylsilyl) propionic acid d4, sodium salt) in D2O was used as an external standard.
DSC-XRD measurements were made from 12 to 42˚ for 2θ at a scan rate of 15˚/min within a temperature range of -80˚C to 5˚C at a heating rate of 2˚C/min in a nitrogen atmosphere. XRD patterns were obtained by exposure to Cu Kα radiation (50 kV, 40 mA). Figure 1 shows the DSC curve and X-ray diffraction pattern of the aqueous 2-propanol solution recorded during heating at a rate of 4˚C/min from -80˚C to 5˚C. The DSC curve shows three endothermic peaks at around -46˚C, -20˚C and 0˚C. From a phase-diagram study of Rosso and Carbonell, 16 it is clear that for water-2-propanol mixtures a eutectic mixture is formed at about 0.9 molar fractions (xm) of the alcohol at -95˚C. When the cooling was conducted to lower temperatures, DSC heating curves of the aqueous 2-propanol solution with a molar fraction of less than 0.15 showed four endothermic peaks during the course of heating at around -95˚C, -46˚C, -20˚C and 0˚C, independent of the cooling rate. Murthy found that a small endothermic peak at -95˚C can be attributed to melting of the eutectic of 2-propanol and water. 17 The peaks at -46˚C and -20˚C are attributed to melting of the peritectic (peritectic point, xm = 0.74, -50˚C) and monotectic of 2-propanol and water, 17, 18 respectively. The main peak at around 0˚C is due to the melting of ice. In the XRD data, five small diffraction peaks for 2θ at 21.0˚, 25.2˚, 27.8˚, 31.1˚ and 32.1˚ can be attributed to the peritectic as they disappeared at around -46˚C as shown in Fig.  2a . On the other hand, five diffraction peaks for 2θ at 22.5˚, 24˚, 25.6˚, 33.4˚ and 39.8˚ can be attributed to ice; these peaks are due to the hexagonal form of ice, which disappeared upon melting. The diffraction peak at around 38˚ for 2θ is due to aluminum used as a sample container. The diffraction peak at 33.4˚ for 2θ can be assigned to the hexagonal form of ice. However, the diffraction peak at 33.4˚ for 2θ showed a different pattern than the other peaks due to hexagonal ice. Figure 2b shows the temperature dependence of the intensity of the diffraction peaks attributed to ice. The diffraction peak at 33.4s hows a different temperature dependency pattern than the other four peaks. Only this peak showed a maximum intensity prior to the two small endothermic peaks observed in the corresponding DSC curve (Fig. 2c) . The diffraction peaks at 25.6˚ and 39.8˚ were assigned to diffraction from the (101) and (110) planes of hexagonal ice, respectively. Furthermore, the diffraction peak at 33.4˚ can be assigned to diffraction from the (102) plane of hexagonal ice. During the course of melting the peritectic, a remarkable promotion of the crystal growth of the (102) plane of hexagonal ice was observed. It can be assumed that the peritectic of 2-propanol and water forms a crystal of 2-propanol and water around a crystal of 2-propanol. The composition of the peritectic of 2-propanol and water can be assumed to be 2-propanol·(5 -6)H2O from the phase diagram. 16 Murthy found that the clathrate hydrate can be observed between the peritectic point and the eutectic point. 17 The composition of the clathrate hydrate of 2-propanol lies around xm = 0.14 -0.17, corresponding to that of penta-or hexahydrates. These results suggest that the diffraction peak at 33.4˚ for 2θ was due to ice associated with 2-propanol, corresponding to the peritectic.
Results and Discussion
We investigated the 1 H NMR spectra from -80˚C to 10˚C. Figure 3 shows the spectra at each temperature. Four signals were observed at around 1.7, 4.5, 5.6 and 6.5 ppm. Therefore, we could detect the signal of the melted component in the frozen state. These signals are assigned to protons of CH3, CH, OH of 2-propanol and OH of H2O, respectively. Table 1 gives the chemical-shift values at each temperature. Generally, the resonance position of water or alcohol proton shifts a higher field with the temperature. 19 Taking into account the temperature dependence, the chemical shifts of CH3 proton and CH proton can be classified into four temperature regions: higher than -20˚C, around -20˚C, -50 to -20˚C, and lower than -50˚C. Above the melting temperature of the monotectic (at around -20˚C), CH3 proton and CH proton signals showed the same chemical shifts as in the homogeneous liquid at 10˚C, despite the ice-like appearance. The CH3 proton and CH proton signals showed a low magnetic field shift below the melting temperature of the peritectic. In the case of ethanol-water mixtures, it has been reported that the shift of the water proton toward a low magnetic field can be interpreted in terms of strengthening of the hydrogen bonds formed among water molecules surrounding the alkyl group of ethanol, based on the results of 1 H NMR measurements. 19 These results suggest that the strength of hydrogen bonding between 2-propanol and water increases stepwise at around -50˚C and -20˚C during the heating process, in the case of 2-propanol-water mixtures. Furthermore, the melting process of the monotectic or peritectic can be correlated to the formation of hydrogen bonds between 2-propanol and water. Crystal growth in the (102) plane of hexagonal ice occurred at around -50˚C and -20˚C. These results indicate that the temperature dependence of the diffraction peak at 33.4˚ for 2θ is related to the formation of hydrogen bond between 2-propanol and water. 
